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The quantum state ψ is a mathematical object used to determine the outcome probabilities of
measurements on physical systems. Its fundamental nature has been the subject of discussions since
the origin of the theory: is it ontic, that is, does it correspond to a real property of the physical
system? Or is it epistemic, that is, does it merely represent our knowledge about the system?
Recent advances in the foundations of quantum theory show that epistemic models that obey a
simple continuity condition are in conflict with quantum theory already at the level of a single
system. Here we report an experimental test of continuous epistemic models using high-dimensional
attenuated coherent states of light traveling in an optical fibre. Due to non-ideal state preparation (of
coherent states with imperfectly known phase) and non-ideal measurements (arising from losses and
inefficient detection), this experiment only tests epistemic models that satisfy additional constraints
which we discuss in detail. Our experimental results are in agreement with the predictions of
quantum theory and provide constraints on a class of ψ-epistemic models.
I. INTRODUCTION
Most quantum textbooks begin their exposition by
postulating that to every physical system corresponds an
abstract mathematical object –a ray in Hilbert space–
called the quantum state. But does the quantum state
correspond to a real physical property of the system?
A major reason for doubting is that the quantum state
cannot be observed directly. Indeed it can only be re-
constructed indirectly by carrying out measurements on
ensembles of identically prepared systems [1, 2]. Alter-
natively the quantum state could represent only an ob-
server’s knowledge of the physical system, rather than
a physical reality. Such an epistemic interpretation of
the quantum state could provide an intuitive explanation
for many quantum phenomena, such as the measurement
postulate and wavefunction collapse [3–5].
Harrigan and Spekkens formulated with precision the
above alternatives [6]. Their starting point is the assump-
tion that every quantum system possesses a real physical
state, generally called the ontic state, denoted λ. The
ontic state determines the probabilities of measurement
outcomes. When an ensemble of systems is prepared, dif-
ferent members of the ensemble may be in different ontic
states λ. A preparation procedure Q is therefore associ-
ated to a probability distribution P (λ|Q) over the ontic
states. When a measurement is carried out on a sys-
tem in ontic state λ, the probability to obtain outcome
r is P (r|M,λ). Therefore if preparation Q is followed by
measurement M the probability of outcome r is
P (r|M,Q) =
∑
λ
P (r|M,λ)P (λ|Q) . (1)
These models reproduce the predictions of quantum the-
ory if P (r|M,Q) = 〈ψQ|Mr|ψQ〉, whereMr is the quan-
tum operator corresponding to the outcome r and ψQ is
the quantum state assigned by quantum theory to the
preparation Q.
Following [6] one can distinguish two classes of mod-
els. A model is ψ-ontic if the preparation of distinct pure
quantum states always gives rise to distinct real states.
That is, for every λ either P (λ|Q) = 0 or P (λ|Q′) = 0 if
the preparations Q and Q′ correspond to different quan-
tum states |ψQ〉 6= |ψQ′〉. Every real state λ is thus com-
patible with a unique pure quantum state. The quantum
state is “encoded” in λ and we can consider it to repre-
sent a real property of the system.
A model is ψ-epistemic if the preparation of distinct
pure quantum states may result in the same real state λ.
That is, there exist preparations Q and Q′ corresponding
to non-identical quantum states |ψQ〉 6= |ψQ′〉 such that
both P (λ|Q) > 0 and P (λ|Q′) > 0 for some λ. In this
case, the quantum state is not uniquely determined by
the underlying real state.
A consistent formulation of ψ-epistemic models would
constitute a conceptual revolution of quantum mechan-
ics. However it was recently shown that ψ-epistemic
models that obey certain natural conditions cannot re-
produce the predictions of quantum theory. Pusey, Bar-
rett, and Rudolph (PBR) showed that ψ-epistemic mod-
els cannot reproduce the predictions of quantum theory
if they satisfy the property, termed preparation indepen-
dence, that independently prepared pure quantum states
correspond to product distributions over ontic states [7].
A similar result was obtained in [8] using a simple argu-
ment that relies on a natural assumption of continuity.
Furthermore, the approach of [8] shows that even for a
single quantum system ψ-epistemic models are strongly
constrained. These results show that ψ-epistemic mod-
els that reproduce the predictions of quantum theory
must be both strongly discontinuous and assign a col-
lective ontic state to independently prepared systems. A
toy ψ-epistemic model that reproduces the predictions of
quantum theory and that satisfies these constraints was
exhibited in [9]. Additional recent theoretical results pre-
senting no-go theorems for classes of ψ-epistemic models
2have been reported in [10–15].
All these no-go theorems suggest the possibility of
novel experiments in the foundations of quantum me-
chanics. Here we report an experiment that tests the ex-
istence of the continuous ψ-epistemic models studied in
[8]. Simultaneously with our work, an experimental test
of ψ-epistemic models based on the original PBR no-go
theorem using two ions in the same trap was reported in
[16].
The interest of basing the experimental test on the
no-go theorem of [8] is that continuous ψ-epistemic mod-
els make predictions that are in conflict with quantum
theory already at the level of a single system. This
greatly facilitates experimental tests. (Constraints on
ψ-epistemic models at the level of a single system were
derived independently in [11], see the appendix of [8] for
the relation between the two approaches).
Our experiment uses attenuated coherent states of
light traveling in an optical fibre. The coherent state is
decomposed into time bins, which provide convenient re-
alisations of high-dimensional Hilbert spaces. Specifically
we test the predictions of epistemic models in dimensions
3, 10, 30, 50, 80. Due to non-ideal state preparation (un-
controlled phase drifts of the laser used) and non-ideal
measurements (losses and detector inefficiency), our ex-
periment suffers from “loopholes”. That is, the observed
data could be explained by continuous epistemic models
that exploit these loopholes. We argue that if the con-
tinuous epistemic model satisfies some reasonable addi-
tional hypotheses, then it cannot exploit these loopholes.
For instance in the case of detection loophole, we have to
make an assumption similar to the fair-sampling assump-
tion often made in non-locality experiments. And in the
case of uncertainty in the preparation procedure, we must
make the hypothesis that the ontic state does not depend
on whether or not control measurements are included in
the preparation procedure. Our experimental results are
in agreement with the predictions of quantum theory and
provide constraints on ψ-epistemic models that satisfy
these additional constraints. More precisely, we parame-
terize ψ-epistemic models by two parameters, δ0 that de-
scribes how continuous the model is, and ǫ that describes
how epistemic it is. Our experimental results rule out a
large class of models labeled by these two parameters.
II. NO-GO THEOREM FOR
CONTINUOUS ψ-EPISTEMIC MODELS
As our experiment is based on [8], we recall the relevant
results. We first define continuous ψ-epistemic models
(see fig. 1 for a depiction of the difference between ψ-ontic
and δ-continuous ψ-epistemic models, and the relevant
geometry of the Hilbert space).
Definition (δ-continuity [8]). Let δ > 0 and let Bδψ be
the ball of radius δ centred on |ψ〉, i.e., Bδψ is the set of
FIG. 1. Illustration of ψ-ontic and δ-continuous ψ-epistemic
models. Depicted (left and center) is the space Λ of ontic
states, as well as the support of the probability distribu-
tion P (λ|Qk) for preparation Qk associated to distinct pure
states ψk, k = 1, . . . , 5. In ψ-ontic models (left) distinct
quantum states give rise to probability distribution P (λ|Qk)
with no overlap. In δ-continuous ψ-epistemic models (center),
states that are close to each other (such as {ψ1, ψ2, ψ3} and
{ψ3, ψ4, ψ5}) all share common ontic states. However states
that are further from each other (such as ψ1 and {ψ4, ψ5})
do not necessarily have common ontic states λ. On the right
we represent the relationship between the states in Hilbert
space. We have depicted by dots the positions of the states
on the Bloch sphere, and in grey around each state the sphere
of radius δ. For instance the sphere of radius δ around state
ψ1 includes states ψ2 and ψ3, but not states ψ4 and ψ5. In
δ-continuous epistemic models all states in the ball of radius
δ share at least one ontic state.
states |φ〉 such that
|〈φ|ψ〉| ≥ 1− δ . (2)
We say that a model is δ-continuous if for any prepara-
tion Q, there exists an ontic state λ (which can depend
on Q) such that for all preparations Q′ corresponding to
quantum states |φQ′ 〉 in the ball BδψQ centred on the state
|ψQ〉, we have P (λ|Q′) > 0.
In order to motivate this definition, recall that accord-
ing to the definition of ψ-ontic and ψ-epistemic models,
we assign an ontic status to ψ if a variation of ψ necessar-
ily implies a variation of the underlying reality λ, and we
assign it an epistemic status if a variation of ψ does not
necessarily imply a variation of the reality λ. It is then
natural to assume a form of continuity for ψ-epistemic
models: a slight change of ψ induces a slight change in
the corresponding ensemble of λ’s, in such a way that
at least some λ’s from the initial ensemble will also be-
long to the perturbed ensemble. The above is a slightly
stronger form of continuity which asserts that there are
real states λ in the initial ensemble that will remain part
of the perturbed ensemble, no matter how we perturb the
initial state, provided this perturbation is small enough.
If ψ-epistemic models reproduce the predictions of
quantum theory, then there is a fundamental constraint
on their δ-continuity. This constraint holds even at the
level of a single quantum system.
Theorem 1 (No-go theorem for δ-continuous models
[8]). δ-continuous ψ-epistemic models with δ ≥ 1 −
3√
(d− 1)/d cannot reproduce all the measurement statis-
tics of quantum states in a Hilbert space of dimension
d.
We give the proof of this result, as the construction
used is the basis for the experimental test reported below.
Proof. Consider d preparations Qk (k = 1, . . . , d) corre-
sponding to distinct quantum states |ψk〉 all contained in
a ball of radius δ. By definition of a δ-continuous model,
there is at least one λ for which mink P (λ|Qk) > 0 and
thus
ǫ ≡
∑
λ
min
k
P (λ|Qk) > 0 (3)
(this last quantity can be viewed as a measure of the
extent to which distributions over real states overlap in
the neighbourhood of a given quantum state). Consider
now a measurement M that yields one of d possible out-
comes r = 1, . . . , d. A δ-continuous model then makes
the prediction∑
k
P (k|M,Qk) =
∑
k
∑
λ
P (k|M,λ)P (λ|Qk)
≥
∑
k
∑
λ
P (k|M,λ)min
k
P (λ|Qk)
=
∑
λ
min
k
P (λ|Qk) = ǫ > 0 . (4)
According to quantum theory, however, there exist states
in a Hilbert space of dimension d contained in a ball of
radius δ = 1−
√
(d− 1)/d such that the left-hand side of
eq. (4) is equal to 0. To show this, let {|j〉 : j = 1, . . . , d}
be a basis of the Hilbert space. Consider the d distinct
states |ψk〉 = 1√d−1
∑
j 6=k |j〉. These states are all at
mutual distance
δ = 1− |〈ψk|ψ〉| = 1−
√
(d− 1)/d = 1
2d
+O
(
1
d2
)
(5)
from the state |ψ〉 = 1√
d
∑
j |j〉. Let the mea-
surement M be the measurement in the basis {|j〉}.
Then P (k|M,Qk) = 0 for all k = 1, . . . , d and thus∑
k P (k|M,Qk) = 0.
The above definition and theorem lead us to define a
class of ψ-epistemic models whose existence can be tested
experimentally. They are labeled by the two parameters,
δ and ǫ, that come up in the key equations (2) and (3).
Definition (δǫ-ψ-epistemic models). A δǫ-ψ-epistemic
model is such that for any set of preparations Qk corre-
sponding to distinct quantum states |ψk〉 all contained in
a ball of radius δ,∑
λ
min
k
P (λ|Qk) ≥ ǫ . (6)
III. EXPERIMENTAL SETUP
In our experiment we realise good approximations of
the states |ψk〉 using coherent states of light traveling
in an optical fibre. The basis states |j〉 correspond to a
photon localised at equally spaced positions in the op-
tical fibre. Such states are called time bins as they are
conveniently labeled by the time tj = jτ at which they
are detected, where τ is the spacing (in time) between
the time bins, taken to be much larger than the time res-
olution of the single-photon detectors. (Time bins have
been extensively used in quantum optics, and in partic-
ular in quantum key distribution, see e.g. [17, 18]). We
use up to 80 time bins, leading to a very sensitive ex-
periment, since as follows from proof of theorem 1, the
bound on the continuity parameter δ decreases when the
dimensionality d increases (although this conclusion must
be somewhat tempered, see section V). We then measure
the time of arrival of the photon, which tells us in which
bin k the photon is present, and thus provides us with
an experimental value for the quantity
∑
k P (k|M,Qk)
which appears on the left-hand side of eq. (4).
Our experimental setup is schematised in fig. 2. It is
realised using fibre-pigtailed components in the telecom-
munication C-band. The laser source (Koheras Ad-
justiK) continuously emits 1mW of power at 1549.4 nm
into an optical fibre. Its narrow spectral linewidth
(∆ν ∼ 1 kHz when measured during 120µs, as specified
by the manufacturer) corresponds to a coherence time
τcoh = (2π∆ν)
−1 ∼ 160µs significantly longer than all
other time scales in the experiment. (An upper bound
on the laser linewidth was obtained in our group: this
laser was previously used in [19] and success of this ex-
periment required that the linewidth of the laser be at
most ∆ν ≤ 20 kHz). Power fluctuations of the laser are
less than 0.4 dB in 10 hours, and side lobes are rejected by
more than 63 dB. This guarantees that within the time
interval used to produce the train of pulses the source
emits a coherent state of well-defined photon mean num-
ber. We then create a pulse train from the cw laser out-
put using an acousto-optic modulator (AOM). Trains of
d = 3, 10, 30, 50, 80 pulses with one missing are thus
created. The AOM (model M111-2J-FxS from Gooch
and Housego) has a 25 ns rise/fall time and a 50 dB ex-
tinction ratio in cw regime. In the pulsed regime used
in the experiment the extinction ratio is estimated to
be Ext = (40 ± 1.5) dB. A pattern generator (Hewlett-
Packard model 81110A) drives the AOM. The AOM is
turned on for 100ns and then off for 200ns. To atten-
uate the state we use a fixed optical attenuator com-
plemented with a variable one (Hewlett-Packard model
8156A). An overall attenuation of up to 120dB with an
absolute precision of 0.1 dB and a repeatability of 0.01dB
can be achieved. The mean number of photons in the
pulse train is 〈n〉 = 0.2. To complete the state prepa-
ration phase, the light is sent through a fibre spool long
enough to store the complete pulse train. The photons
are detected with a superconducting single-photon detec-
4FIG. 2. Top panel: Experimental setup. Red links are optical
fibres and blue links are radio-frequency cables. A continu-
ous laser source (S) emits a coherent state whose intensity is
modulated by an acousto-optic modulator (AOM) driven by a
pattern generator (PG), yielding a train of d pulses with one
missing. The train of pulses is then attenuated to the single-
photon regime by passing through an optical attenuator (A).
The complete pulse train is stored in a 5 km fibre spool (FS),
and then sent to a superconducting single-photon detector
(SSPD). A fibre polarization controller (FPC) is used to en-
sure maximum sensitivity of the SSPD (which is polarization
sensitive). When a photon is detected, an electric signal is
sent to a data acquisition system (DAQ) which stores the
time at which the detection event has taken place relative
to the time at which the state preparation began. Bottom
panel: Example of experimental results for d = 10, and states
|α1〉, |α5〉, |α10〉. Horizontal axis: time at which a detection is
registered. Vertical axis: number of detections in each 10 ns
time window. Continuous ψ-epistemic models would predict
a non-zero count rate in the bins which should be empty. The
small number of counts which do occur due to detector dark
counts and finite extinction ratio of the AOM are not visible
on this scale.
tor (SSPD from Scontel) cooled to (1.7±0.1)K with over-
all efficiency (including losses in optical components after
the state preparation and data acquisition inefficiency)
η = (4 ± 0.2)% and dark-count rate Dk = (3 ± 1)Hz.
The dark-count rate can be measured with high precision,
but it is sensitive to environmental conditions (tempera-
ture of the detectors, ambient light) that fluctuate dur-
ing the experiment, which is the reason the quoted error
is large. The data acquisition is realised by a time-to-
digital-converter (Agilent Acqiris system). The overall
time resolution of the detector and data acquisition is
approximately 150 ps. In order to minimise the effects of
the finite rise and fall time of the AOM, we only keep the
clicks that occur during an interval of width Tp = 80 ns
centred on the middle of each time bin. For the differ-
ent values of dimension d = 3, 10, 30, 50, 80 studied, the
total number of times each state αk was produced was
12, 10, 4, 3, 2 × 128 × 104 respectively. The data was
acquired over the duration of one week. An example of
recorded data is depicted in fig. 2.
IV. INTERPRETATION OF THE EXPERIMENT
In the experiment described above, a long coherence
laser operating well above threshold produces at its out-
put a coherent state [20] which is cut into a train of d
pulses with one missing, and then attenuated. Using
the standard notation of quantum optics, this procedure
yields the coherent state
|αk〉 ≃ |0〉+ α

 1√
d− 1
∑
j 6=k
|j〉

+O (α2) , (7)
where |0〉 denotes the vacuum state and where for sim-
plicity of notation we omit the contributions from two
and more photons (this does not affect the interpreta-
tion of the experiment, see below). The mean number of
photons is chosen to be 〈n〉 = α2 = 0.2 for all dimensions
d = 3, 10, 30, 50, 80 investigated.
Because the states prepared in our experiment have a
significant vacuum component, and because of losses and
finite detector efficiency, the preparation of a quantum
state |αk〉 can either give rise to a detection in one of the
time bins, or to a no-click event wherein no photon is
registered. These no-click events affect the interpretation
of the experiment.
Furthermore the expression eq. (7) supposes an ideal
output from the laser source. However lasers fluctuate.
For a laser operating well above threshold, the major
source of fluctuation is phase drift (responsible for the
finite linewidth of the laser). Even though the coherence
time of the laser τcoh ∼ 160µs is much longer than the
longest pulse train (of length 80×300 ns = 24µs), we can-
not neglect this phase drift. A more precise description
of the preparation procedure is therefore that it yields
the state
|αk,ϕ〉 = exp
[−α2/2]∏
j 6=k
exp
[
αeiϕja†j√
d− 1
]
|0〉 (8)
≃ |0〉+ α

 1√
d− 1
∑
j 6=k
eiϕj |j〉

+O (α2) , (9)
where yj = ϕj −ϕj−1 should be modeled as independent
Gaussian random variables, since the phase fluctuations
of a laser are generally modeled as a random walk of the
phase [20].
We now discuss the consequences of imperfect state
preparation and measurement for the interpretation of
the experiment.
A. Detection loophole
As said above, because the states prepared in our ex-
periment have a significant vacuum component, and be-
cause of losses and finite detector efficiency, the prepa-
ration of a quantum state |αk〉 can either give rise to a
5FIG. 3. Schematic depiction of the structure of the space Λ of
ontic states in the case of inefficient detectors. We have rep-
resented the supports Supψk of the probability distributions
p(λ|ψk) for three states |ψ1〉, |ψ2〉, |ψ3〉. The subset of ontic
states which never give rise to a click is denoted by Λ0. The
experiment described in the main text cannot rule out the
existence of a non-empty intersection of the supports Supψk
and of Λ0, since all ontic states in this intersection always
give rise to no-click events. The reported experiment can rule
out the existence of a non-empty intersection of the supports
Supψk and the complementary space Λclk = Λ \ Λ0.
detection in one of the time bins, or to a no-click event
when no photon is registered. The latter are significantly
more common than the detections. Indeed, use of co-
herent states with 〈n〉 = 0.2 and overall detection effi-
ciency of approximately 4% (see section III) yields an
overall probability of registering a click of approximately
P (clk) = 8 ·10−3, where clk is the event that the detector
clicks in one of the time bins.
These no-click events affect the interpretation of the
experiment. To understand why, remember that the key
point of theorem 1 was showing that if there is an ontic
state that occurs with positive probability for all states
|ψk〉, then one finds a contradiction with quantum theory.
But in the presence of no-click events this contradiction
no longer holds. Indeed there exists a trivial ψ-epistemic
model that explains our experimental results in which
the ontic states common to all preparations |αk〉 only
give rise to no-click events. Furthermore, the vacuum
component of the states |αk〉 affects the interpretation of
their mutual scalar product (since states that are almost
orthogonal become arbitrarily close to each other when
superposed with a sufficiently large vacuum component
that does not contribute to the click events).
The basis for generalising the analysis is to distinguish
between two classes of ontic states: the set of ontic states
denoted Λ0 which only give rise to no-click events; and
the complementary set Λclk = Λ\Λ0, see fig. 3. All ontic
states belonging to the set Λclk give rise to a click with
positive probability. If for each preparation |αk〉, ontic
states belonging to Λclk occur with positive probability,
then we can apply an analog of theorem 1.
To proceed quantitatively, we first redefine the notion
of distance between states to take into account that the
vacuum component never gives rise to a click. The new
notion of distance δ0 should have the following properties:
(1) it measures the distance between states on the space
orthogonal to the vacuum state; and (2) it equals the
old distance δ0 = δ on the single-photon space. The
exact way δ0 acts on the two and more photon space is
not essential for the argument (since the overlap of the
states we consider with the two and more photon space
is small). The reason for property (1) is that the vacuum
component of the state will not give rise to a click, and
hence does not give rise to any measurable quantity. The
reason for property (2) is that in the case of single-photon
states and perfect detectors we wish to recover the notion
of δ-continuity defined above.
Definition (δ0-continuity). A model with no-click events
is δ0-continuous if, for all preparations Q corresponding
to pure state |ψQ〉 with P (clk|ψQ) > 0, there exists an
ontic state λ (which can depend on |ψQ〉) such that, for
all preparations Q′ corresponding to state |φQ′ 〉 with
|〈φ˜Q′ |ψ˜Q〉| ≥ 1− δ0 , (10)
we have P (λ|φQ′ , clk) > 0, where
|ψ˜Q〉 = (I − |0〉〈0|) |ψQ〉|(I − |0〉〈0|) |ψQ〉| (11)
is the projection of |ψQ〉 onto the space orthogonal to the
vacuum, and |φ˜Q′〉 is similarly defined.
As illustration of this new notion of distance, consider
the coherent states
|αk〉 = exp
[−α2/2] exp

 α√
d− 1
∑
j 6=k
a†j

 |0〉 , (12)
and the reference state
|α0〉 = exp
[−α2/2] exp

 α√
d
∑
j
a†j

 |0〉 . (13)
Then we have
|〈α˜k|α˜0〉| = e
α2
√
(d−1)/d − 1
eα2 − 1 . (14)
Therefore the distance δ0 is given by
δ0(d, α
2) = 1− e
α2
√
(d−1)/d − 1
eα2 − 1
= 1−
√
d− 1
d
+O
(
α2
)
, (15)
where we have expanded to leading order in α2. For the
experimentally relevant case α2 = 〈n〉 = 0.2, we find
δ0(d, α
2 = 0.2) ≃ 0.55/d.
We must also introduce the notion of inefficient detec-
tors.
Definition (Inefficient detector). An inefficient detector
provides a response that depends only on the photon num-
ber. If there is no photon, it does not click. If there are
one or more photons, the probability of clicking is strictly
positive.
6We now consider the analog of theorem 1 in the case of
inefficient detectors. We prove it using coherent states,
as these are the relevant ones for our experiment, but it
extends trivially to other states.
Theorem 2 (No-go theorem for δ0-continuous mod-
els). δ0-continuous ψ-epistemic models with δ0 > 1 −√
(d− 1)/d cannot reproduce all the measurement statis-
tics on coherent states of d modes, even in the presence
of inefficient detectors.
Proof. Fix δ0. Consider d preparations Qk (k = 1, . . . , d)
corresponding to coherent states |αk〉 which are at dis-
tance 1 − |〈α˜k|α˜0〉| > δ0 from some reference coherent
state |α0〉. We suppose that for all k, P (clk|αk) >
0. We define the subnormalised measure ωclk(λ) =
mink P (λ|αk, clk), with P (λ|αk, clk) = P (clk|λ)P (λ|αk)P (clk|αk)
given by Bayes rule. Because of δ0-continuity we have
ǫ0 = min
λ
ωclk(λ) > 0 . (16)
We then have the mathematical identity:∑
k
P (k|αk, clk) =
∑
k
P (k|αk)
P (clk|αk)
=
∑
k
∑
λ
P (k|λ)
P (clk|λ)
P (clk|λ)P (λ|αk)
P (clk|αk)
=
∑
k
∑
λ
P (k|λ)
P (clk|λ)P (λ|αk, clk)
≥
∑
k
∑
λ
P (k|λ)
P (clk|λ)ωclk(λ)
=
∑
λ
ωclk(λ) = ǫ0 > 0 . (17)
Note that the left-hand side of eq. (17) is given experi-
mentally by
ǫexpt =
∑
k
P (k|Qk, clk) =
∑
k
N(k,Qk)∑
j N(j,Qk)
, (18)
where N(j,Qk) is the number of clicks registered in out-
come j when one prepares state αk and clk is the event
that the detector clicks. If we take the states |αj〉 to
be given by eq. (12) and the state |α0〉 to be given by
eq. (13), then by taking the parameter α2 → 0, we
can take δ0 in the above argument arbitrarily close to
1 −
√
(d− 1)/d, see eq. (15). Since inefficient detectors
will never click if there are zero photons, but have non-
zero probability of clicking if there is at least one photon,
we will have N(k,Qk) = 0 for all k and
∑
j N(j,Qk) > 0
for all k, and therefore ǫexpt = 0, in contradiction with
eq. (17).
The above definitions and theorem lead us to define a
class of ψ-epistemic models whose existence can be tested
experimentally, even in the presence of losses and ineffi-
cient detectors. These models are labeled by the param-
eters δ0 and ǫ.
Definition (δ0ǫ-ψ-epistemic models). Consider an arbi-
trary number of preparations Qk corresponding to distinct
quantum states |ψk〉 all contained in a ball of radius δ0,
where δ0 is given by equations (10) and (11). A δ0ǫ-ψ-
epistemic model is such that, for all choices of Qk,∑
λ
min
k
P (λ|Qk) ≥ ǫ . (19)
It is this class of models that are experimentally tested
in our experiment.
Note that in appendix A we present a second approach
to deal with the no-click events, based on an analysis of
the measurement process. This approach conserves the
original δ-continuity condition, but postulates that the
predictions of the ψ-epistemic model are independent of
how the measurement is realised, provided that the real-
isation gives the same statistics within quantum theory.
Using this second approach, we obtain directly a bound
on mink P (λ|Qk) rather than ωclk(λ).
B. Preparation of mixed states
The output of the laser used in our experiment fluctu-
ates, giving rise to the finite linewidth of the laser. The
most important fluctuations are expected to arise from
phase drift which is generally modeled as a random walk
of the laser phase [20]. The time scale of this phase drift
is related to the laser linewidth by τcoh = (2π∆ν)
−1 ∼
160µs. Even though this time scale is much longer than
the longest train of pulses (of length 80×300 ns = 24µs),
these fluctuations have an important impact on the in-
terpretation of the experiment.
The consequence of these phase fluctuations is that
the states prepared can be modeled as eq. (9), where
yj = ϕj − ϕj−1 are independent identically distributed
random variables with normal distribution
P (yj) =
1√
4πDt0
e
− y
2
j
4Dt0 , (20)
where D = 1/τcoh is the diffusion constant [21] and t0 is
the time between centers of two time bins.
We take this model as basis for the analysis. Exten-
sions, taking into account for instance phase drift within
each time bin, or intensity fluctuations of the laser, are
briefly discussed below. In order to understand the im-
plications of fluctuations on the prepared state, we first
discuss the interpretation of the experiment if the phases
ϕj were known. We then consider the experimentally
relevant case where the phases ϕj are unknown.
If the phases ϕj were known, then for each state |αk,ϕ〉
we could compute the δ0-distance to the reference state
|α0〉. We would then keep only the data corresponding
to the case where δ0(αk,ϕ, α0) is less than some thresh-
old ∆0. For the states |αk,ϕ〉, we have (for an ideal ex-
periment) that P (k|αk,ϕ) = 0, and hence the contra-
diction in eq. (17) holds. For the subset of states with
7δ0(αk,ϕ, α0) < ∆0, we can estimate the value of ǫexpt
(which will be non-zero because of experimental imper-
fections) from the measurement data. The data then ex-
clude δ0-continuous epistemic models with δ0 > ∆0 and
ǫ > ǫexpt.
If we do not know the phases ϕj , then we must make
additional assumptions. Note that if one averages over
the unknown phases ϕj , the state prepared by the de-
vice is a mixed state. This is problematic as the notions
of ψ-epistemic and ψ-ontic models are defined for pure
states. Therefore the no-go theorems do not apply di-
rectly. We reason around this difficulty as follows. There
is in principle a simple modification of the experimen-
tal procedure that could be used to determine the phase
of the laser: namely part of the laser light could be di-
verted and then measured. This additional measurement
has not been carried out. But it is natural to assume that
the probability distribution of ontic states P (λ|Qk) does
not depend on whether or not these additional measure-
ments are carried out. (We note that in our preparation
procedure, a large part of the light is in fact diverted,
and then absorbed, by the attenuators).
Making this assumption, we can consider that the state
preparation yields pure states of the form eq. (9) with
small, random, phases affecting each time bin. We do
not know what are the values of the phases, but we
can determine (using numerical Monte-Carlo simulations,
or analytical calculations) the probability distribution of
δ0(αk,ϕ, α0). From this probability distribution we can
estimate the probability q that δ0 is less than a spe-
cific value ∆0: P [δ0(αk,ϕ, α0) ≤ ∆0] = q(∆0). Equiv-
alently we know what proportion q of prepared states
had δ0(αk,ϕ, α0) ≤ ∆0(q). We also know the experi-
mentally determined value of ǫexpt. However this value
is an average over all prepared states. For a conserva-
tive estimate we make the worst case assumption that
all the contribution to ǫexpt comes from the states with
δ0(αk,ϕ, α0) ≤ ∆0. This implies that we must make the
substitution ǫexpt → ǫexpt(q) = ǫexpt/q. This is the price
to pay for not having experimentally measured the phases
ϕj . The data then exclude δ0-continuous epistemic mod-
els with δ0 > ∆0 and ǫ > ǫexpt(q). Note that we can vary
the parameters q and ∆0 to exclude a region as large as
possible in the δ0, ǫ plane.
In practice we proceed as follows. We fix the dimension
d = 3, 10, 30, 50, 80. We fix k ∈ {1, . . . , d}. We choose
at random variables yj, j = 1, . . . , d, drawn from the dis-
tribution eq. (20). To these variables we associate the
state |αk,ϕ〉 defined in eq. (8). We then compute the dis-
tance δ0(αk,ϕ, α0) = 1 − |〈α˜k,ϕ|α˜0〉|, where |α0〉 is given
by eq. (13). We repeat the procedure 106/d times for each
value of k. For simplicity we then average the resulting
histograms over k, yielding a probability distribution for
δ0: P (δ0) =
1
d
∑d
k=1 P [δ0(αk,ϕ, α0)]. From this numeri-
cally determined distribution we can compute with high
precision the function ∆0(q) given by P ((δ0 ≤ ∆0) = q.
Finally we note that the states prepared by the laser
may differ from the ideal state eq. (7) in more ways than
are modeled in eq. (9). Such effects could include in-
tensity fluctuations of the laser, or phase drift within
each time bin. We could take them into account by us-
ing a better model of the laser output. However since
the linewidth of a laser well above threshold is gener-
ally modeled as being entirely due to phase drift, and
since the coherence time is much longer than the du-
ration of one time bin, we expect that the above takes
into account most of the effects due to uncertainty in
the state preparation. We note that our procedure of as-
cribing all the contribution to ǫexpt from the states with
δ0(αk,ϕ, α0) ≤ ∆0 is very conservative, and implies that
the true value of ǫexpt is probably significantly smaller
than the one we use.
Note that in appendix B we present an analytic esti-
mate of E [δ] that coroborates the numerical calculations
of ∆0(q) outlined above.
V. RESULTS
Our raw experimental results are reported in table I
and fig. 4. Specifically we give the number d of time bins,
the measured fraction of clicks in the bin that should
contain no photon, i.e. ǫexpt(d) =
∑
k
N(k,Qk)∑
j N(j,Qk)
, and its
statistical error.
d 3 10 30 50 80
ǫexpt × 10
3 0.26 0.45 1.27 1.62 1.66
err× 103 ±0.05 ±0.07 ±0.18 ±0.23 ±0.28
TABLE I. Experimental results. d is the dimension of the
quantum state space. The value of ǫexpt, given by eq. (18),
is directly measured. The last line gives the statistical uncer-
tainty on ǫexpt.
The fact that ǫexpt(d) is not strictly zero is expected,
since the optical components are imperfect. We have es-
timated the expected values of ǫexpt(d) from the follow-
ing measured experimental parameters: extinction ratio
of the AOM, mean number of photons in each pulse,
optical attenuation and detector efficiency, and detec-
tor dark counts. The probability of detecting a pho-
ton in bin k when state αk is prepared is approximately
Dk Tp + Ext 〈n〉η/(d − 1), and the probability of detect-
ing a photon when state αk is prepared is approximately
〈n〉η, where d is the dimension of the state, Dk Tp is the
probability of a dark count during a pulse, Ext is the
extinction ratio of the AOM, 〈n〉 is the mean number of
photons in the pulse train, and η is the overall detection
efficiency. The ratio of these two quantities multiplied
by d yields the following estimate for the experimentally
measured quantity ǫexpt:
Expected value of ǫexpt =
Dk Tp
〈n〉η d+ Ext
d
d− 1 . (21)
This expected value, including its uncertainty, is plotted
in grey in fig. 4. Deviations from this expected behaviour
8FIG. 4. Experimental bound on ψ-epistemic models as a func-
tion of dimension d of the quantum state space. The verti-
cal axis gives the measured value of ǫexpt =
∑
k
N(k,Qαk )∑
j N(j,Qαk )
,
where N(j, Qαk) is the number of clicks registered in bin j
when one prepares state αk (error bars are statistical). These
values are also given in table I. The curve gives the depen-
dency of ǫexpt on d as predicted by quantum theory, taking
into account the values of measured experimental parame-
ters. The grey area gives the range in which this theoretical
prediction could vary, given the uncertainty on dark-count
rate, extinction ratio, and overall detection probability η〈n〉.
The main uncertainty comes from the dark-count rate which
depends on the exact temperature of the detectors and the
amount of ambient light, both of which can vary during the
experiment. Positive deviation from the curve would signal a
break-down of quantum theory. The absence of such devia-
tion rules out a large class of δ-continuous models.
could signal that quantum theory should be replaced by
an epistemic model. The measured values of ǫexpt, which
are of the order 10−3, do not exhibit large deviations
from the expected behaviour of ǫexpt(d).
These experimental results can be used to rule out a
class of δ0ǫ-ψ-epistemic models (see definition at the end
of section IVA). Specifically we proceed as follows. Using
the procedure outlined at the end of section IVB, we
can determine for each dimension d the function ∆0(q).
Specifically we choose a series of values of 0 < q < 1,
and compute the corresponding value of ∆0(q). Then,
for each d and for each of these values of q, the models
with δ0 ≥ ∆0(q) and ǫ ≥ ǫexpt(d)/q are ruled out. Thus
for each dimension d, we rule out a region in the δ0, ǫ
plane. These results are given in fig. 5.
In fig. 5 (a) we plot all the couples (∆0(d, q), ǫexpt(d)/q)
obtained by this procedure. For comparison we also plot
the couples (δ0, ǫexpt) that would be obtained if we did
not take into account the phase fluctuations of the laser.
For small d, taking into account the phase fluctuations
has a very small effect on the results because over the du-
ration of 3 or 10 time bins, the phase fluctuations have
only increased very little the value of δ0. However when
the number of time bins increases, the effect of the phase
fluctuations becomes much more important, and this sig-
nificantly affects the results. In fig. 5 (b) we plot only
FIG. 5. (a) Experimentally excluded region in the δ0, ǫ plane.
For each choice of the parameter q we compute the values
∆0(d, q) and ǫexpt(d)/q which are then plotted in the figure,
and connected by a line. For curves from top to bottom,
q = 0.09, 0.10, 0.11, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18,
0.19, 0.20, 0.22, 0.24, 0.26, 0.28, 0.30, 0.35, 0.40, 0.45, 0.50,
0.60, 0.70, 0.80, 0.90. The couples (δ0, ǫexpt(d)) that would
be obtained if one did not take into account the phase fluc-
tuations of the laser are plotted in light grey (lowest curve).
For d = 3, 10, taking into account the phase fluctuations of
the laser does not modify significantly the results, while for
d = 30, 50, 80 the effect is important. In fact the excluded re-
gion for d = 80 is practically the same as for d = 50 when the
phase fluctuations are taken into account. (b) Here we take
only the points that are most constraining. We plot them
with their error bars. The grey zone is the area in the δ0, ǫ
plane that is excluded by our experiment.
those couples (∆0(d, q), ǫexpt(d)/q) which are most con-
straining, and give their statistical error.
VI. DISCUSSION
Whether the quantum wavefunction is a real physical
wave or a summary of our knowledge about a physical
9system is a question that has divided physicists since the
inception of quantum theory. A precise formulation of
these two alternatives, opening the way to clear-cut an-
swers, was provided by Harrigan and Spekkens [6]: if
the wavefunction corresponds to a real, ontic, property
of physical systems, the preparation of a system in differ-
ent pure quantum states should always result in different
physical states. If, on the other hand, the wavefunction
has an epistemic status, such preparations should some-
times result in the same underlying physical state.
Following the breakthrough of PBR [7], a flurry of no-
go theorems for ψ-epistemic models obeying natural con-
straints have recently been proposed [8, 10–15]. These
no-go theorems inspire novel experimental tests. Here,
we reported a test of ψ-epistemic model based on the
argument introduced in [8]. There are two main motiva-
tions to perform such experiments.
First, given that there are good reasons to support an
epistemic view of the quantum state [5], the no-go theo-
rems provide new directions in which to look for potential
deviations from the expected quantum predictions. Our
experimental results do not exhibit any such deviations,
therefore strengthening our belief in the validity of quan-
tum theory.
A second, related, motivation for performing an im-
plementation of the no-go theorems is to rule out exper-
imentally (certain classes of) ψ-epistemic models, in the
same way that the violations of Bell inequalities rule out
locally-causal models. However, while such experiments
have some common features with a Bell test, they also
differ from it in several ways. To simplify the discussion,
let us first consider the case of an ideal experiment free of
experimental errors and noise. The proof of Theorem 1
tells us that if we prepare a system according to d possi-
ble procedures Qk and subject it to a measurement M ,
then the observed value ǫexpt =
∑
k P (k|M,Qk) provides
a constraint on the extent ǫ to which the distributions
over real states associated to each preparation overlap.
In particular, if ǫexpt = 0 then no common real state λ
can be associated to all the preparations Qk. This con-
clusion is obtained independently of what specific states
(pure or mixed) are used, or what specific measurements
are performed. It only depends on the observed measure-
ment statistics, as does the violation of a Bell inequality.
However contrary to Bell inequalities, the observation
of a value ǫexpt = 0 does not per se imply that some
“intrinsically quantum” or “non-classical” behaviour has
been produced in the experiment. Indeed, the quantity
ǫexpt has not been introduced to distinguish between a
“classical” and a “quantum” worldview (as in Bell in-
equalities), but between ψ-ontic and ψ-epistemic models.
Thus for instance the ψ-epistemic model presented in [9]
perfectly reproduces all predictions of quantum mechan-
ics.
Furthermore, the statistics of an experimental test
of ψ-ontic versus ψ-epistemic models could very eas-
ily be reproduced using purely classical states. For in-
stance the use of d classical states of the form ρk =
(1/d)
∑
j 6=k |j〉〈j| instead of the states |ψk〉 in Theorem 1
would also yield a value of ǫexpt = 0. However, because
these states are not pure, this experiment would not ex-
clude ψ-epistemic models.
This shows that when carrying out an experimental
test of ψ-ontic versus ψ-epistemic models, the kind of
preparation procedures used in the experiment matters
to its interpretation. Indeed, a ψ-epistemic model does
not need to predict different results than quantum theory
for all preparation procedures (for instance not for those
associated to the purely-classical distributions ρk over or-
thogonal states mentioned above), but only for those cor-
responding to pure quantum states that are sufficiently
close (within distance δ in the case of δ-continuous mod-
els). A meaningful test of δ-continuous ψ-epistemic mod-
els must therefore be based on two components: the mea-
surement of ǫexpt and a reasonable confidence that prepa-
rations corresponding to pure quantum states within dis-
tance δ have been used. This should be contrasted with
Bell experiments that are ”device independent”: their
interpretation are independent of the details of the state
preparation and measurement procedures.
In this later respect, our experiment has some specific
weaknesses related to the experimental system used (pho-
tonic time bins obtained by chopping and attenuating a
cw laser). First, the use of coherent states that have
a non-zero vacuum component and inefficient detectors
resulting in no-click events require, to reach meaningful
conclusions, the use of a fair-sampling assumption, a re-
definition of the continuity parameter δ0, and a redefini-
tion of the quantity ǫexpt. Second, we need an additional
hypothesis on the epistemic model to ensure that the
preparation used in the experiment yields (approxima-
tively) pure coherent quantum states with a known over-
lap (see discussion in section IVB). This is due to the fact
that we did not explicitly check the actual performance
of the preparation procedure by, e.g., performing a di-
rect measurement of δ0. Such a verification would have
required the use of a complex interferometer, and could
have been performed only for very small dimension. Our
approach was to use the very well understood physics
of lasers operating well above threshold as a basis for
modeling the quantum states produced by our prepara-
tion procedure. This allowed us to probe states in a much
higher dimensional Hilbert space, and therefore small val-
ues of the continuity parameter δ0, than would have been
possible otherwise.
Taking into account all the above constraints, our ex-
periment nevertheless excludes, with a high degree of
confidence, a large class of ψ-epistemic models. These
ψ-epistemic models are labeled by two parameters, δ0
that describes how continuous the model is, and ǫ that
describes how epistemic it is. Our experimental results
exclude a region in the δ0, ǫ plane, see fig. 5.
Simultaneously with our work, an experimental test of
ψ-epistemic models based on the original PBR no-go the-
orem using two ions in the same trap was reported in [16].
Both experiments exclude (possibly different) classes of
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ψ-epistemic models. Both experiments require specific
additional hypotheses to ensure that the prepared states
are pure quantum states with desired properties (as dis-
cussed in the above paragraphs and in [16]). Such addi-
tional hypotheses will probably be needed in any exper-
imental test of ψ-epistemic models.
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Appendix A: Alternative treatment of the detection
loophole
In this section we adopt an approach different from
that followed in section IVA of the main text.
There are many different physical implementations of
single-photon detectors which would give the same re-
sponse to incoming light as the SSPD used in the exper-
iment. Our main assumption is that for a given ontic
state λ the probabilities of outcomes are independent of
how the detector is implemented, provided it gives the
same measurement statistics as the actual one. This ob-
viously constitutes a strong assumption on the behaviour
of ψ-epistemic models. Its interest is that it allows us to
keep the same continuity condition as in the main text,
contrary to the reasoning in section IVA.
We suppose that the interaction of the detector with
the electromagnetic field obeys photon-number superse-
lection rule. That is, the excitations in the superconduct-
ing wire depend on the quanta of energy (or photon num-
ber) and not on the relative phases. With this hypothesis
the response of the SSPD should be very well approxi-
mated by an ideal detector consisting of three steps:
1. a beam splitter, one arm of which absorbs a fraction
1− η of the coherent light, where η is the efficiency
of the actual detector;
2. the beam splitter is followed by a quantum non-
demolition (QND) detector which measures the
photon number (the result of this measurement is
not provided to the experimenter);
3. the state at the output of the QND measurement is
sent to a perfect single-photon detector with 100%
efficiency and dark-count rate Dk which provides
as output the first time bin in which a photon is
detected.
Such a model for a single-photon detector is standard in
quantum optics [22, 23]. Note that the actual SSPD may
differ slightly from the above idealisation (for instance
the attenuation may not be linear). Such small changes
could be implemented by changing slightly the model,
and do not affect our conclusions.
From the point of view of quantum theory, step 1 re-
sults in the preparation of an attenuated coherent state
with photon mean number η〈n〉, and step 2 results in
the preparation of a mixture ρk =
∑
n pnρ
n
k of states ρ
n
k
with photon number n, if the initial state was |αk〉. Note
that the states ρnk are pure states. In particular the state
ρ1k = |ψk〉〈ψk|, where |ψk〉 corresponds to the state given
in the main text.
Now we make the assumption that, from the point of
view of ψ-epistemic models, steps 1 and 2 can be thought
of as additional state preparation steps. That is, the out-
come of these steps is the preparation of a new ontic state
λ′. Following [24], we assume that the ontic distribution
corresponding to a statistical mixture ρk =
∑
n pnρ
n
k of
states ρnk is of the form
∑
n pnP (λ|ρnk ). With these as-
sumptions, we have the following identity for the predic-
tions of ψ-epistemic models:
d∑
k=1
P (k|clk, Qαk) =
1
P (clk)
d∑
k=1
∞∑
n=0
P (k|ρnk )P (n|αk)
=
1
P (clk)
d∑
k=1
∞∑
n=0
∑
λ
P (k|λ)P (λ|ρnk )
≥ p1
P (clk)
d∑
k=1
∑
λ
P (k|λ)P (λ|ρ1k) ,
where n is the result of the QND measurement and p1 =
P (n = 1|αk) is the probability for the QND measurement
of detecting n = 1 photons (in the last line we retain only
the term n = 1). Note that the n = 0 component in line
2 only contributes through the effect of dark counts.
We now restrict our analysis to ψ-epistemic models
associated to the single-photon states ρ1k. We assume
δ-continuity of ψ-epistemic models (using the definition
given in the main text). If the states ρ1k are δ-close, then
we have the bound
∑
λ P (k|λ)P (λ|ρ1k) > ǫ > 0, as in the
main text.
In summary the assumptions made above lead to the
bound
d∑
k=1
P (k|clk, Qαk) ≥
p1
P (clk)
ǫ .
This is the same bound as obtained in the main text,
except for the factor p1P (clk) ≃ 0.90 (where we take into
account that 〈n〉 = 0.2 and neglect dark counts).
Appendix B: Analytic analysis of imperfect state
preparation
As discussed in section IVB, the presence of additional
parameters ϕj arising from phase fluctuations of the laser
increases the distance δ0 with the reference state. The
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increase in distance is obtained from the following ex-
pressions (which we first give for the case where the state
contains one photon):
|ψ〉 = 1√
d
d∑
j=1
|j〉
|ψk,{ϕj}〉 =
1√
d− 1
∑
j 6=k
eiϕj |j〉
∣∣Eϕ [〈ψ|ψk,{ϕj}〉]∣∣2 ≃ 1− 1d − d∆ϕ
2
4
,
where Eϕ is the expectation over the random phases ϕ,
and we give the leading order effect of the random phases
(for d large and ∆ϕ2 small). We thus find
Eϕ [δ] = 1−
√
(d− 1)/d+ d∆ϕ
2
8
.
Now we insert this expression into eq. (14) to obtain
Eϕ
[
δ(d, α2)
]
= 1− Eϕ
[|〈α˜k,{ϕj}|α˜0〉|]
= 1−
eα
2
√
(d−1)/d
(
1− α2 d∆ϕ28
)
− 1
eα2 − 1 .
From this expression we see that E [δ] reaches a minimum
when d ≃ 40. For larger d, the distance δ between the
states is dominated by the random phases, rather than
the presence or absence of time bin k. This is indeed
what is observed by using the exact numerical method in
the main text.
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